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THE STRUCTURE OF LOW-DENSITY SUPERSONIC JETS 

V. I. Nemchenko, N. I. Yushchenkova (Moscow) 

ABSTRACT. The r e s u l t s  of an experimental investigation 
conducted i n  a low-density wind tunnel,  t o  determine 
t h e  s t ruc ture  of a supersonic j e t  f o r  d i f fe ren t  d i s -  
charge conditions are given. Procedures used t o  obtain 
t h e  r e s u l t s  are described, and the  e f f ec t  of t he  Mach 
number, and of flow rarefac t ion ,  on t h e  formation of 
t h e  flow i n  the  normal shock wave region are discussed. 

The use of supersonic je ts  t o  obtain intensive molecular beams and /110* 
I 

high veloci ty  flows of low temperature plasma has stimulated the  develop- 

ment of experimental and theore t ica l  work on t h e  s t ruc ture  of under- 

expanded supersonic jets. The s t ruc ture  of t h e  i n i t i a l  sect ion of a 

supersonic underexpanded jet  can be characterized by t h e  posit ion,  dimen- 

sions,  and shape of t h e  breakdown shock. 

Theoretical assessments, and some experimental da ta  concerning the. 

shape of t h e  pendulous shock and the  posi t ion and diameter of t h e  normal 

shock, are c i t e d  i n  references C1-71. However, the  majority of t h e  in- 

vest igat ions are f o r  t he  conditions t h a t  per ta in  f o r  a perfect  g a s  flow 

i n  t h e  continuum mode. 

Changes i n  t h e  s t r u c t k e  of t he  flow should be expected with a 

reduction i n  t h e  densi ty  of t h e  jet  because t h e  t ransfer  processes, $he 

r o l e  of which increases with ra refac t ion ,  have a s igni f icant  effect on 

the  formation of t h e  pendulous shock, and on t h e  j e t  boundary. 

This paper contains t h e  r e s u l t s  of an experimental invest igat ion 

of t h e  s t ruc ture  of 8 supersonic j e t  of a i r  f o r  d i f fe ren t  discharge con- 

d i t i ons  10 

M 

run of t h e  molecule i n  t h e  cr i t ical  throa t  sect ion of the  nozzle, d* is 

4 n S 10 1.15 I; M S 3.3, lom4 5 K, = h,/d, S loW3, w h e r e  a 
is t h e  Mach number i n  the 'nozzle  sect ion,  h, is  the  length of t h e  free a 

- -  * Numbers i n  t h e  margin indicate  pagination i n  t h e  foreign text. 
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t he  diameter of t h e  c r i t i ca l  throa t  sect ion of t h e  nozzle, n is  the  r a t i o  

of the p r e s s k e  i n  t h e  nozzle sect ion t o  the  pressure i n  surrounding 

space, and these r e s u l t s  explain t h e  effect of high r a t i o s  of pressures 

n, Mach numbers M and t h e  ra refac t ion  of t h e  flow on the  s t ruc ture  of 

a supersonic, underexpanded jet. 

C = K*%, are used f o r  t h e  cha rac t e r i s t i c s  of flow rarefact ion.  

1. The experiment w a s  conducted i n  the  low densi ty  wind tunnel described 

i n  C81. 

expansion C91, w a s  used as t h e  working gas.  

a supersonic conical nozzle i n t o  a chamber a t  reduced pressure. 

dimensions, and j e t  discharge conditions, are l i s t e d  i n  Table 1, where 

t h e  upper row i n  column d i s  t h e  nozzle diameter i n  the  c r i t i c a l  th roa t  

sect ion,  and t h e  lower row is t he  diameter of the nozzle sect ion,  5 ,  is 

the  nozzle semidivergence angle; t h e  upper row i n  t h e  M column lists 

the  values of t h e  Mach number i n  the  nozzle sect ion,  M ', computed f o r  

isentropic  g a s  expansion, and t h e  lower row lists the  Mach number i n  the  

nozzle sect ion obtained by measuring the  t o t a l  head pressure 7 Po i Po is  

the pressure i n  an adiabat ical ly  decelerated flow, i n  mm mercury column. 

a' 
The Knudsen number, K,, and t h e  Parameter 

A i r ,  heated t o  -600OK t o  prevent condensation during adiabatic 

The gas  j e t  discharged through 

Nozzle 

a 

The following parameters w e r e  measured during t h e  experiment: 

pressure p and temperature T i n  the  adiabat ical ly  decelerated flow; 

t t he  t o t a l  head pressure;  and p , t h e  vacuum chamber pressure. A 

0.8 mm diameter p i t o t  tube w a s  used t o  measure t h e  t o t a l  head pressure. 

Viscosity correct ions w e r e  introduced using the'methodology described 

i n  C81. The r e s u l t s  of t h e  p and T measurements w e r e  used t o  compute 

the  parameters of t he  flow i n  t h e  cr i t ical  throa t  sect ion of t h e  nozzle, 

while those of t h e  pot and po measurements w e r e  used t o  compute t h e  

parameters i n  the  nozzle sect ion and i n  t h e  jet. 

0 0 

Po ' 1 

0 0 

Pressures i n  t h e  range from t o  10-1 mm mercury column w e r e  

measured by an LT-2 thermocouple manometer ca l ibra ted  against  a compression 
-2 manometer f o r  higher pressures, while those from 10 t o  10 mm mercury 

column w e r e  measured by a W-3 radioact ive manometer, which too w a s  cali- 

brated against  a compression manometer. Pressure i n  the  r ange  from 1 t o  
_- -. 
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700 mm mercury column w a s  measured with U-shaped o i l  and mercury mano- 

meters. The r e l a t i v e  e r ro r  i n  measuring t h e  pressures i n  t h e  r ange  from 

t o  1 mm mercury column w a s  within 3%, while t h a t  i n  t h e  range  from 

1 t o  700 mm mercury column w a s  within 1%. 

' 
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_ .  

Figure 1. Schematic diagram of t h e  supply t o  
the  discharge gap. 

The glow discharge flow v isua l iza t ion  technique, widely used t o  in- 

ves t iga te  t h e  flow of a supersonic g a s  over bodies, w a s  used t o  invest igate  

t h e  s t ruc ture  of t h e  i n i t i a l  sect ion of t h e  supersonic, underexpanded je t  

i n  t h e  case. of low flow dens i t i e s  when t h e  Topler technique could not be 
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used. For example, t he  invest igat ions of t he  flow of a hypersonic r a r i f i e d  

gas over a p l a t e  with a sharp leading edge  conducted i n  [lo] using the  glow 

discharge technique, the  schl ieren technique, f i l m  sensors, hot-wire 

anemometers, and p i t o t  tubes revealed t h a t  t he  shapes of t h e  shock waves 

obtained by t h e  d i f fe ren t  methods coincided. 

The anode f o r  t h e  discharge gap used t o  v isua l ize  the  f i e l d  of a j e t  

stream w a s  a quartz reinforced molybdenum rod, and t h e  cathode w a s  a thermo- 

s t a t i c a l l y  regulated nozzle. 

t he  discharge gap. D1, ..., D are the  rect i f ier  bridge diodes. U1 and 

U a re  t h e  voltages across the rectifier input and output, respectively.  

An autotransformer was used t o  vary voltage U from 10 t o  250 volts .  

The discharge gap current ,  I ,  and the  voltage drop, V,  across the  gap 

w e r e  selected experimentally i n  t h e  r ange  0.5 5 I I= 4-0 ma, 300 2 V I= 700 
vo'lt f o r  concrete flow conditions. 

gap w a s  20 w a t t s ,  m a x i m u m .  

Figure 1 is the  diagram of t h e  supply f o r  

12 

2 

1 

/112 
.I 

The power consumed by t h e  discharge 

The measurements made of t h e  d is t r ibu t ion  of t h e  t o t a l  head pressure 

along t h e  axis of t h e  j e t  during discharge, and without discharge, showed 

t h a t  t h e  discharge had no e f fec t  on t h e  flow of g a s  when I < 40 m a .  The 

concentrations of free electrons i n  the  j e t ,  based on da ta  obtained with 

a Langmuir probe, w e r e  not i n  excess of 10 t o  10 Corresponding t o  

a gas ionizat ion of 10 When t h e  degree of ionization is below t o  

10 , t h e  effect of t he  discharge on t h e  f i e l d  of t h e  gas Wamic parameters 

i n  the  jet can be ignored C111, so t h e  glow discharge flow v isua l iza t ion  

technique can be.used t o  invest igate  t h e  geometry and t h e  posi t ions of 

shock waves t h a t  r e su l t  during t h e  discharge of a supersonic underexpanded 

jet. 

' 8  9 
-6 

-4 
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Figure 2. Results of v i sua l iza t ion  of a jet  i n  a glow discharge. The 
values n = 56, 176, and 185 correspond t o  t h e  case of M = 2.8K,,- 

1.62 x 10 , ( a ) ,  ( b ) ,  ( c ) ,  and n = 87 corresponds t o  the  case of M 

3.3 K* w 1.43 x 10 , (d).  

a -4 
a -4 

2. 

established t h e  geometry of t h e  breakdown'shock wave i n  a supersonic 

underexpanded je t  of air  under d i f f e ren t  discharge conditions;  xo is the  

dis tance t o  t h e  breakdown shock wave along t h e  j e t  ax is ,  D is the  max-' 

i m u m  diameter of t h e  pendulous shock wave, D 

normal shock wave, cy is t h e  angle a t  t he  t r i p l e  point between t h e  incident 

shock wave and t h e  d i r ec t ion  of t h e  axis. Results of t h e  invest igat ion 

show t h a t  at high flow dens i t i e s  K * T C  loo3 and y = constant when t h e  

The jet  photography obtained (see f i g .  2a, b, c ,  d ,  f o r  example) 

is  the  diameter of t h e  
0 
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rarefact ion e f f ec t  i s  ins igni f icant ,  t h e  r a t i o s  D/xo9 Do/xo (Table 2) 

w i l l  be functions of t h e  Mach number i n  t h e  nozzle sect ion and do not 

depend on n, which character izes  t h e  se l f - s imi la r i ty  feature  of t h e  j e t  

s t ructure .  A similar r e s u l t  w a s  obtained i n  [l] f o r  a j e t  with M 1 ' 

a M  
using t h e  Topler 

The posit ion 

function 

technique . 
of t h e  normal shock wave can be determined by the  l i n e a r  

xo/ra I =  AK I' 

where 

r is t h e  radius  of t h e  nozzle e x i t  section; 

A .  is t h e  proport ional i ty  fac tor ,  determined by t h e  empirical depen- 
a 

dency 

A ,  1.38 F M  a 

(2.1) 

(2.2) 

proposed i n  [&I. 
In t h e  formula a t  (2-21, y is  t h e  r a t i o  of t h e  spec i f i c  heats. 

of the  A coef f ic ien ts  (points  2 i n  Fig. 3a>, obtained byeprocessing t h e  j e t  

photography, visual ixed ' in  a glow-discharge, agree w e l l  with t h e  dependency 

a t  (2.2) and with t h e  r e s u l t s  of t h e  experiments performed by other  authors 

[1,2] obtained by the  schl ieren method i n  t h e  case of high flow dens i t i e s  

(points 3 and 4 i n  Fig. 3a) r igh t  up t o  some l i m i t  Mach number, M 

The values 

al' 

The r e s u l t s  of t h e  measurements of t h e  diameter of t h e  normal shock 

wave show t h a t  i n  t h e  case of l a r g e  flow dens i t i e s  and M < M a a l '  
diameter of t h e  normal shock wave is a function of 

t h e  

D o h a  = F W  (2.3) . 

The proport ional i ty  f ac to r  F i n  the  range of Mach numbers i n  t h e  nozzle 

I; 2.8 has l i t t l e  dependence on M a a' sect ion 1.1 I; M 

t o  0.5 when n > 20 f o r  approxkhate computations. 

are shown i n  Figure 3b, where points  1, ..., 10 correspond t o  t h e  following 

combination of parameters (m K * ) ;  l(1-15, 2.14, 2(1.15, 3 x - /113 

-4 -4 -4 7(2.27, 5.4 x 10 >, 8(2.8, 1.16 x 10 1, 9(2.8, 1-62 x 10 1.(2.8, 2-7 x 

10 1. The r e s u l t s  of t h e  invest igat ion of t h e  diameter of t h e  normal shock 

and can be taken as  equal 

The values of the f ac to r  F 

a' 
3(1'-15? f x-:lo -4 . 1, k(2.27, 1-16 x 5(2.2.7, 1.62 x . ; ~ O - ~ ) ,  6(2.27, 

-4 

wave (curves 11 and 12 i n  Fig .  3b) ,  obtained 

l ished i n  E11 and [2], are in'good agreement 

visual izat ion of t h e  j e t  i n  a glow-discharge 

6 

by t h e  schl ieren method and pub- 

with t h e  data obtained by t h e  

f o r  smali values of K*G 



Table 2 

Figure 3. (a)  The proportionali ty f ac to r s ’b  and A (2.1) i n  terms of 

the  Mach number i n  t h e  nozzle section.; (b) 
1 

f values f o r  d i f fe ren t  M a 
and K * K  

0 

An increase i n  t h e  Mach number,.Ma, i n  the nozzle’section above some 

= f ( K * ,  n)  causes a t r ans i t i on  from an i r regual r  r e f l ec t ion  of Mal l i m i t ,  

t he  pendulous shock wave t o  a regular  one (Fig. 2d). A t  the  same time, 

t he  angle of incidence’of t h e  pendulous shock w a v e  w (Fig. &a) drops 

below the  l i m i t  w 
I = arc  s in . l /y  [12]. 

Figure 4 shows t h e  experimental data  for t he  magnitude of the  angle’ 

of incidence t o  the  axis of the  jet  corresponding t o  the  values M 

and K, G. lom3. 
i n  the  case of large flow dens i t i e s  takes place i n  what is prac t ica l ly  a 

discontinuity apd is accompanied by abrupt reduction i n  the  diameter of t h e  

> 10 1 
The t r ans i t i on  from one type of re f lec t ion  t o  the  other 
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normal shock wave and i n  t h e  removal of t h e  point of in te rsec t ion  of t h e  

closing discont inui ty  and t h e  axis of t h e  jet  from t h e  nozzle section. 

The posi t ion of t h e  x-discontinuity when M a > Mal is established by a 

dependency t h a t  is analogous t o  t h a t  a t  (2.11, but with a d i f f e ren t  pro- 

por t iona l i ty  f ac to r  (curve 2 and point 1 i n  Fig. 3a) 

I . .  

Figure 4. 
shock wave t o  t h e  jet axis on t h e  Mach number i n  the  nozzle section,.Ma; 

(b) t r ans i t i on  of t h e  normal shock wave t o  t h e  x-discontinuity when M 

= 2.5 and f o r  d i f fe ren t  K, with increase i n  t h e  pressure r a t i o ,  n ;  (c) 

region of existence o f - d i f f e r e n t  types of configurations of shock waves 

near t h e  je t  axis; 1 - region of existence of noma1 shock wave; 2 - 

(a) dependence of t h e  angle of incidence of t h e  pendulous 

a 

region of t r a n s i t i o n  of normal shock wave &o t h e  r-discontinuity;  3 - 
region of existence of x-discontinuity. 

The r e s u l t s . o f  t h e  computation f o r  A (curve f ,  Fig. 3a) using t h e  

approximate theory c131 agreci s a t i s f a c t o r i l y  with t h e  da ta  from t h e  

experiment .when M a & Mal and Ma < Mal and f o r  high flow densi t ies .  
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T h i s  correspondence does not hold i n  t h e  t r a n s i t i o n  region. 

A change is observed i n  t h e  geometric cha rac t e r i s t i c s  of t he  curved 

and of t he  normal shock waves, expressed first of a l l  by a reduction i n  

t h e  diameter of t h e  normal shock'wave i n  Figure 2, a and b, t h e  r e s u l t  of 

t h e  increase i n  t h e  ra refac t ion  of t h e  j e t  when M < M because of t h e  

reduction i n  t h e  pressure i n  the  ad iaba t ica l ly  slowed down flow, o r  as a 

r e s u l t  of t h e  sharp expansion i n  t h e  case of l a rge  pressure r a t i o s ,  n. 

In  t h e  case of f ixed K, values the onset of t h e  deviation of t h e  Do/da 

r a t i o  from t h e  value t h a t  is typica l  f o r  t h e  perfect  g a s  flow depends on 

M and on n. The higher t h e  Mach number, f o r  ident ica l  K, values,  t h e  

sooner t h e  deviat ion of D /do from the  values established through t h e  

dependency a t  (2.3) w i l l  begin. 

a a t '  

a 

0 

The parameter C Cl31 w a s  used t o  general ize  the  r e s u l t s  obtained 

with respect t o  t h e  e f f ec t  ra refac t ion  has on t h e  flow i n  t h e  normal 

shock wave region. 

The r e s l u t s  of t h e  measurements made of t h e  dimensionless diameter of 

t he  normal shock wave a re  shown i n  Figure 3b, where M plays the  r o l e  of 

t h e  parameter. With increase i n  t h e  ra refac t ion  when c > c1 = f ( M a ,  y), 
t he re  is a reduction i n  t h e  diameter of t h e  normal shock wave, but what 

a l so  takes place a t  the  same time is the  gradual removal of t h e  normal 

shock wave from t h e  nozzle section. Figure 4b shows t h e  posi t ion of t h e  

normal shock wave as a function of n when M- = 2.5, and f o r  t h ree  values 

a 
L114 

a 
of K,: 3(1.62 x 4(2.7 x 5(5.4 x Thus, an increase '  

i n  C > C r e s u l t s  i n  the  t r a n s i t i o n  of t h e  normal shock wave, t h e  posi t ion 

of which is establ ished by t h e  dependencies a t  (2.1) and (2.2) (curve 2, 

Fig. 4b) ,  t o  t h e  x-discontinuity (Fig. 2b, c ) ,  t h e  posi t ion of which is 

establ ished by t h e  dependencies at (2.1) and (2.4) (curve 1, Fig. 4b). 

1 

The region of t h e  t r a n s i t i o n  of the  normal shock wave t o  the x-dis- 

cont inui ty  is shown i n  Figure 4c i n  M The t r a n s i t i o n  

region is constructed w i t h  increase i n  M arid when M M 3.3, and higher,  a' a 
under t h e  conditions of t h e  experiment, t he re  is a regular  r e f l ec t ion  of 

t h e  pendulous shock wave from t h e  +is of t h e  j e t  i n  Figure 2d. 

and C coordinates. a 

Convexity 



of t h e  normal shock wave opposite t o  t h e  flow 

2b, w i l l  be t h e  typ ica l  configuration of t h e  normal shock wave i n  the  

t r ans i t i on  region. This is an i r r egu la r  supersonic r e f l ec t ion  of t h e  

shock, along with t h e  formation of a normal shock a t  number 1.2 S M 

and values f o r  C < C < 3.3 and C m C t  t h e  normal shock 

wave degenerates i n t o  the  x-discontinuity. The reduction i n  t h e  normal. 

shock wave when C > Cl, and i ts  degeneration i n t o  an x-discontinuity 

when C M C t  and a f ixed angle of incidence of t h e  diagonal shock wave 

t o  t h e  axis of t h e  j e t ,  t h e  value of which is c lose  t o  the  l i m i t  (Fig. 

&a) ,  can be explained by t h e  reduction i n  t h e  in t ens i ty  of t h e  incident 

shock wave caused by the  e f f ec t  of t h e  d i s s ipa t ive  processes. 

( inversion) ,  as i n  Figure 

< 3.3 a 
When 2.25 I; M 2 '  a 

The r e s u l t s  c i t e d  show t h a t  t h e  Mach number i n  t h e  nozzle sect ion,  

determined by t h e  configuration of t he  pendulous shock wave, as well as 

t h e  ra refac t ion  of t h e  flow, have an e f f ec t  on t h e  formation of t h e  flow 

i n  t h e  normal shock wave region. 

C > C 

i n  a reduction of t h e  in t ens i ty  of the  incident  shock wave as compared 

with t h e  idea l  valugs. 

is shown i n  Figure 4c. 

D 

A n  increase i n  the  ra refac t ion  when 

w i l l  r e s u l t  i n  t he  bulging'and blurr ing of curved shock waves, 2 

The dependence of C and C I  on M 1 a 
f o r  Y = 1.4 

Submitted 15 June 1967 
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